Exercise provides protection against myocardial ischemia-reperfusion (IR) injury. Understanding the mechanisms of this protection may lead to new interventions for the prevention and/or treatment of heart disease. Although presently these mechanisms are not well understood, reports suggest that manganese superoxide dismutase (MnSOD) and calpain may be critical mediators of this protection. We hypothesized that an exercise-induced increase in MnSOD would provide cardioprotection by attenuating IR-induced oxidative modification to critical Ca 
reperfusion (IR) can result in cardiac myocyte death due to both necrosis and apoptosis (1) (2) (3) (4) . It follows that developing a cardioprotected phenotype is clearly advantageous and regular bouts of endurance exercise provide consistent protection against IR-induced cardiomyocyte death (5, 6) . However, at present, the mechanisms responsible for exercise-induced cardioprotection remain a topic of debate. Evidence indicates that both an increase in the antioxidant enzyme manganese superoxide dismutase (MnSOD), as well as a decrease in the activity of the Ca 2ϩ -activated protease calpain, may play an important role in exercise-induced cardioprotection against IR injury (3, 7) . Nonetheless, the precise mechanisms of this cardioprotection have not been elucidated and therefore form the rationale for these experiments.
Calpain activation within the myocardium has been directly linked with IR-induced necrotic and apoptotic cardiac myocyte death. Indeed, calpain activation can damage cardiac myocytes via several mechanisms. First, calpain cleaves a host of myocardial proteins, including structural, contractile, and Ca 2ϩ -handling proteins, facilitating their degradation by the proteasome (8 -10) . In addition, calpain cleaves and activates the proapoptotic factors BH3 interacting domain death agonist (BID) and caspase-12, stimulating caspase-3 activation and apoptosis (11, 12) .
Previous work from our laboratory (3) demonstrated that exercise training attenuated IR-induced calpain activation, resulting in cardioprotection similar to that observed in hearts that received a pharmacological calpain inhibitor. However, the mechanisms of exercise-induced protection against calpain activation are not currently understood. Since calpain is a Ca 2ϩ -activated protease, it follows that calpain activation is dependent on the Ca 2ϩ overload that occurs during IR (8) . Growing evidence suggests that the increased free radical generation that occurs during IR may exacerbate Ca 2ϩ overload by oxidizing myocardial Ca 2ϩ -handling proteins, impairing their function and facilitating their degradation (13, 14) .
Based on preliminary experiments and the work of others, we formed the hypothesis that an exerciseinduced increase in myocardial MnSOD provides protection against IR injury, in part, by preventing IRinduced oxidative modification of important Ca 2ϩ -handling proteins, thereby protecting against calpain activation. To test this hypothesis, we used antisense oligonucleotides directed against MnSOD to prevent exercise-induced increases in myocardial MnSOD activity. This strategy allowed us to investigate the specific effects of increased myocardial MnSOD on IR-induced Ca 2ϩ -handling protein oxidation/degradation, calpain activation, and cardiac cell death. This work demonstrates an important mechanistic link between mitochondria-produced reactive oxygen species (ROS), Ca 2ϩ -handling proteins, and calpain.
MATERIALS AND METHODS

Animals and experimental design
Male Sprague Dawley rats (3 months; 300 -350 g) were used for both the in vivo and ex vivo experiments. For the in vitro experiments, animals were randomly assigned to one of four experimental groups, each of which underwent either sham surgery or myocardial IR: sedentary control (C and C-IR); trained, no treatment (T and T-IR); trained, treated with antisense oligonucleotide against MnSOD (T-AS and T-AS-IR); and trained, treated with a mismatch oligonucleotide (T-M and T-M-IR); sham (nϭ10/group) or in vivo myocardial IR (nϭ17/group). For ex vivo experiments, animals were divided into six groups: sedentary control (C), control-perfused (CP), control-IR (C-IR), trained-IR (T-IR), vehicle-IR (V-IR), and calpain-inhibited-IR (CI-IR).
Exercise protocol
Animals assigned to exercise groups were habituated to running by increasing durations of treadmill exercise for 5 days (5, 10, 15, 30, and 45 min/day on days 1-5, respectively). After 2 days of rest, animals then performed 3 consecutive days of treadmill exercise for 60 min/day at 30 m/min with a 0% grade (estimated work rate ϳ70% VO 2max ; ref. 15 ).
Inhibition of myocardial MnSOD expression
To study the role of MnSOD in exercise-induced cardioprotection, immediately after each exercise session animals were injected (i.p.) with antisense oligonucleotides directed against MnSOD to prevent the increase in MnSOD protein synthesis. Specific details about antisense design, dosage, and mechanisms of action have reported previously (16 -18) .
In vivo IR protocol
The in vivo model of coronary artery ligation has been used successfully by our laboratory and numerous other investigators and has been shown to result in regional myocardial IR (17, 19 -25) . In vivo surgeries were performed as described previously (25) .
Ex vivo working heart IR protocol
To investigate the effects of calpain inhibition on myocardial Ca 2ϩ -handling proteins before and after an IR insult, we selected the in vitro isolated perfused working heart model. Complete details of our isolated working heart preparation as well as the use of the calpain inhibitor CI3 have been described previously (3, 5, 26) .
Analysis of antioxidant enzyme activity
To assess the effect of exercise on myocardial antioxidant capacity, a section of left ventricle from the sham surgery groups was homogenized and assayed for total protein content (27) , along with the activities of MnSOD (28), glutathione peroxidase (29) , and catalase (30) .
Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL)
Apoptotic changes to myonuclear DNA were identified by TUNEL, using a histochemical fluorescent detection kit purchased from Roche Applied Scientific (Nutley, NJ, USA). This procedure has been described in detail previously (31) .
Active caspase-3
Active caspase-3 was detected via immunohistochemical analyses of formalin-fixed left ventricular cryosections. To further assess caspase-3 activation, Western blot analyses of the caspase-3 cleaved fragment (120 kDa) of the cytoskeletal protein ␣II-spectrin (240 kDa) was performed (Sigma, St. Louis, MO, USA; ref.
3).
Measurement of oxidative modification to Ca 2؉ -handling proteins
Immunoprecipitation of Ca 2ϩ -handling proteins
Sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA2a), phospholamban (PLB), L-type Ca 2ϩ channels (LTCC), and the Na ϩ /Ca 2ϩ exchanger (NCX) were isolated by immunoprecipitation using the following primary antibodies: SERCA2a (Affinity Bioreagents, Golden, CO, USA), PLB (Upstate, Lake Placid, NY, USA), LTCC (Alomone Laboratories, Jerusalem, Israel), and NCX (Swant, Bellinzona, Switzerland).
Protein carbonyl formation
Proteins, isolated via immunoprecipitation, were examined for carbonyl formation using a commercially available Western blot kit from Chemicon International (Temecula, CA, USA).
4-Hydroxy-2-nonenal formation
Proteins, isolated via immunoprecipitation, were examined for 4-hydroxy-2-nonenal (HNE) formation using a commercially available Western blot kit from Calbiochem (San Diego, CA, USA).
Measurement of intact Ca 2؉ -handling proteins
Western blots were used to determine protein levels of SERCA2a, PLB, LTCC, and NCX. Briefly, proteins were separated using standard SDS-PAGE techniques on 4 -20% polyacrylamide gels. Proteins were then transferred to polyvinylidene difluoride membranes and exposed to one of the aforementioned primary antibodies. After primary antibody exposure, an anti-mouse or anti-rabbit 800 (green) or 680 (red) infrared secondary antibody (Li-Cor, Lincoln, NE, USA) was applied for infrared detection. Each blot was then analyzed using an Odyssey infrared imaging system (Li-Cor) and normalized to a Coommassie blue protein stain to verify equal protein loading.
Calpain activity
To assess calpain activity, a calpain-specific cleavage product of the protein ␣II-spectrin was analyzed as described previously (3).
Measurement of BclII interacting protein (BID), caspase-12, and caspase-3
The truncated and active form of BID (tBID), caspase-12, and caspase-3 proteins were measured via standard Western blotting techniques, as described earlier.
The following primary antibodies were used: BID (Santa Cruz Biotech, Santa Cruz, CA, USA), caspase-12 (BioVision, Mountain View, CA, USA), and caspase-3 (AbCam, Cambridge, MA, USA).
Data analyses
All measures were subjected to 1-way ANOVA to determine whether group differences existed. Significant group differences were evaluated via Tukey's post hoc analyses. Significance was established a priori at P Ͻ 0.05.
RESULTS
All animals in exercise groups completed the exercise protocol without incident, with no noticeable difference in exercise performance and with no apparent complications from oligonucleotide. At baseline (pre-IR), no group differences existed in blood pressure, heart rate, or arterial blood gases (i.e., P a O 2 , P a CO 2 , and pH). Note that 7 animals died prematurely during the in vivo IR protocol due to ventricular fibrillation that could not be converted to sinus rhythm. Animals dying due to arrhythmia included 3 C, 3 T, 1 T-AS, and 2 T-M. These results are similar to our previous findings, with greater arrhythmia-related death in sedentary groups than in exercised groups (17) .
Antisense oligonucleotides prevent exercise-induced increases in MnSOD
To determine the effectiveness of the antisense oligonucleotides, left ventricular MnSOD activity was measured in control and all exercise-trained groups. Compared with C, MnSOD activity was increased in the hearts of the T and T-M groups while MnSOD activity did not differ between T-AS and C animals ( Fig. 1) . No differences existed in the activities of CuZnSOD (C: 23.60Ϯ1.6; T: 24.72Ϯ1.8; T-AS: 23.91Ϯ2.02; and T-M: 24.54Ϯ2.01 U/mg protein, catalase, or glutathione peroxidase). These results confirm our past findings that postexercise treatment with antisense oligonucleotides effectively prevented the exercise-induced increase in MnSOD activity, whereas the relevant mismatch oligonucleotide had no effect on cardiac MnSOD activity (17, 32) . It should be noted that, by design, antisense treatment did not abolish myocardial MnSOD activity but, instead, prevented the exerciseinduced increase in activity above baseline. In addition, exercise did not have a significant effect on myocardial catalase or glutathione peroxidase activity in any experimental group (Fig. 1) .
Exercise-induced increases in MnSOD attenuate IR-induced myocardial infarction
Consistent with previous findings (25) , our in vivo left coronary artery ligation model resulted in an infarction encompassing 60.3 Ϯ 3.9% of the area at risk for infarction in C-IR animals (Fig. 2) . Exercise was associated with a significant decrease in infarct area in all exercised groups regardless of treatment (saline, Mn-SOD antisense, or mismatch control oligonucleotides). However, when exercise was accompanied by treatment with MnSOD antisense oligonucleotides, protection against infarction was attenuated, as demonstrated by significant differences between T-IR and T-M-IR groups compared with the T-AS-IR group. No differences existed among groups with respect to the area at risk for infarction, represented as a percentage of the total ventricular area (C-IR: 54.0Ϯ5.4; T-IR: 52.4Ϯ2.5; T-AS-IR: 51.8Ϯ1.6; and T-M-IR: 52.4Ϯ3.4%). This MnSODrelated protection against myocardial infarction (MI) is consistent with earlier reports from Yamashita et al. (7) . Figure 3A shows representative left ventricular cryosections from TUNEL detection after the IR protocol.
Exercise-induced increases in MnSOD attenuate IR-induced apoptosis
Tissue sections were obtained from the area at risk for infarction after 50 min ischemia and 120 min reperfusion in vivo. Compared with C-IR, T-IR and T-M-IR groups had significantly fewer TUNEL-positive myonuclei (green), suggesting fewer apoptotic cardiomyocytes after IR. However, when exercise was accompanied by treatment with MnSOD antisense oligonucleotides (T-AS-IR), protection against these apoptotic nuclear changes was attenuated.
To further corroborate the presence of apoptosis in cardiac myocytes, we also used immunohistochemical techniques to detect activated caspase-3 in myocardium from the risk zone after IR (Fig. 3B) . These findings were in agreement with TUNEL analyses, with less activated caspase-3 detected in T-IR and T-M-IR compared with C-IR and T-AS-IR. Tissue levels of activated caspase-3 did not differ between T-AS-IR and C-IR.
In addition, we used Western blotting to detect caspase-3-mediated cleavage of the cytoskeletal protein ␣II-spectrin. When caspase cleaves ␣II-spectrin, a signature 120 kDa cleavage product is produced and can be detected via immunoblotting. Figure  3C shows the results of this analysis with significantly less caspase cleaved spectrin in T-IR and T-M-IR compared with C-IR and T-AS-IR. Caspase-3-mediated spectrin cleavage in the T-AS-IR group did not differ from C-IR. These findings confirm our immunohistochemstry results indicating that acute exercise is associated with a decrease in IR-induced caspase-3 activation and that this decrease is dependent, at least in part, on MnSOD up-regulation. In total, these results demonstrate that MnSOD upregulation is a critical component of exercise-mediated cardioprotection against IR-induced apoptosis and necrosis.
Exercise-induced increases in MnSOD attenuates Ca 2؉ -handling protein oxidation
One possible mechanism of exercise/MnSOD-induced protection against MI and apoptotic cell death is through the maintenance of Ca 2ϩ -handling protein function. To test this postulate, oxidative modification of the Ca 2ϩ -handling proteins SERCA2a, PLB, NCX, and LTCC was measured via detection of carbonyl and HNE formation. Increases in carbonyl formation were observed in SERCA2a, PLB, and LTCC but not NCX after IR and were attenuated by exercise (T-IR and T-M-IR; Fig. 4A ). In addition, increases in HNE formation were observed after IR in isolated SERCA2a and PLB proteins but not NCX or LTCC (no HNE formation was observed on the LTCC in any of the experimental groups). Similar to carbonyl formation, HNE was attenuated in T-IR and T-M-IR hearts (Fig. 4B) . Importantly, protection against both carbonyl and HNE formation was significantly decreased in animals treated with MnSOD antisense (T-AS-IR). This demonstrates that MnSOD provides protection against the oxidative modification of myocardial Ca 2ϩ -handling proteins during IR. 
Exercise-induced increases in MnSOD attenuate IR-induced calpain activation
Exercise almost completely attenuated IR-induced calpain activation (Fig. 5) . However, when the exercise-induced increases in MnSOD were prevented via antisense oligonucteotides (T-AS-IR), protection against calpain activation was lost. This suggests that MnSOD plays a critical role in preventing IR-induced calpain activation. In addition, this finding adds to earlier work from our laboratory that first documented exercise-induced regulation of calpain activity, suggesting that increased MnSOD is an essential component of exercise-induced prevention of calpain activation (3).
Calpain degrades critical Ca
2؉ -handling proteins during IR
To confirm that the loss of Ca 2ϩ -handling proteins after IR was due to calpain activation, calpain was inhibited using a selective, irreversible inhibitor (CI3; Calbiochem). These experiments were performed using an isolated working heart model of IR. This model was used because of its ability to selectively inhibit myocardial calpain activity without the negative effects of global inhibition in vivo (33) . The calpain inhibitor was added to the perfusion buffer ϳ30 min before the 25 min IR insult. After IR, a significant reduction in the amount of intact Ca 2ϩ -handling proteins was observed (LTCC, SERCA, PLB, and NCX; Fig. 6 ). The degradation of these proteins was attenuated by calpain inhibi- 
tion (CI-IR) as well as exercise training (T-IR)
. These data suggest that calpain is responsible for the IRinduced degradation of these proteins.
Exercise-induced increases in MnSOD attenuate degradation of Ca 2؉ -handling proteins
Degradation of critical Ca 2ϩ -handling proteins during IR has been well characterized and is thought to contribute to cytosolic Ca 2ϩ overload and IR injury (14, 34) . Our data support these findings, demonstrating a loss of SERCA2a, PLB, LTCC, and NCX after IR (Fig.  7) . Importantly, our data demonstrate that exercise related increases in MnSOD provide protection against the degradation of these Ca 2ϩ -handling proteins. Specifically, degradation of all four proteins measured was attenuated in exercised animals (T-IR and T-M-IR) but not in exercised animals that received injections containing antisense oligonucleotide against MnSOD (T-AS-IR). When these findings were combined with the calpain inhibition experiments described earlier, the logical conclusion is that exercise-induced increases in MnSOD attenuate the degradation of these proteins by preventing their oxidation.
Exercise-induced increases in MnSOD attenuate caspase-12 and BID activation
Calpain has previously been shown to contribute to apoptosis by cleaving and activating caspase-12, facili- tating apoptosis via the endoplasmic reticulum stress pathway. In addition, calpain has been shown to cleave and activate the proapoptotic factor BID, facilitating mitochondrial-induced apoptosis (12, 35) . To determine the contribution of calpain activation to IRinduced apoptosis, cleaved caspase-12 and BID were assessed via Western blotting (Fig. 8) . Both active caspase-12 and BID protein were decreased in exercised animals (T-IR and T-M-IR) after IR. Importantly, protection against IR-induced caspase-12 and BID activation was lost in animals treated with MnSOD antisense oligonucleotide (T-AS-IR).
DISCUSSION
Overview of principle findings
It is well established that successive bouts of endurance exercise promote a cardiac phenotype that is protected from IR injury. However, a detailed understanding of the mechanisms responsible for exercise-induced myocardial protection against IR injury remains evasive. Nonetheless, two potential mediators of exercise-induced cardioprotection are an increased expression of the mitochondrial antioxidant enzyme, MnSOD and a decrease in calpain activation. Although exercise increases myocardial MnSOD activity and provides cardioprotection, the downstream mechanisms by which increased MnSOD activity contributes to cardioprotection are unknown. To address this issue, we tested the hypothesis that exercise-induced increases in myocardial MnSOD provide protection against IR injury, in part, by attenuating IR-induced oxidative modification of important Ca 2ϩ -handling proteins and preventing subsequent calpain activation. Our results support this hypothesis and reveal that exercise-induced increases in myocardial MnSOD activity attenuate the oxidation and degradation of Ca 2ϩ -handling proteins, preventing calpain activation during IR. Importantly, these events are associated with both protection against MI as well as cardiomyocyte apoptosis after an IR insult. Figure 9 illustrates our hypothesized sequence of events underlying how exercise-induced increases in myocardial MnSOD can contribute to cardioprotection via protection of Ca 2ϩ -handling proteins and prevention of calpain activation. These findings not only contribute to the understanding of the mechanisms of exerciseinduced cardioprotection but also provide important mechanistic insight regarding the interaction between superoxide generated by the mitochondria, oxidation of Ca 2ϩ -handling proteins, and activation of calpain during IR. A detailed discussion of these and related issues follows. 
Exercise attenuates IR-induced apoptosis and MI via increases in MnSOD
Our results confirm earlier work demonstrating that an exercise-induced increase in cardiac MnSOD is essential for exercise-induced protection against MI (7). In addition, we report, for the first time, that increased myocardial MnSOD activity plays a key role in mediating protection against IR-induced calpain activation, Ca 2ϩ -handling protein degradation, and cardiomyocyte apoptosis. Collectively, these findings support the concept that MnSOD is a critical component of exercisemediated protection against IR-induced cardiacmyocyte death.
Exercise retards IR-induced oxidation and degradation of Ca 2؉ -handling proteins via increases in MnSOD
To investigate the mechanisms of cardioprotection conferred by exercise-induced increases in MnSOD activity, we examined the oxidation and degradation of several critical Ca 2ϩ -handling proteins. We postulated that the IR-induced oxidation of Ca 2ϩ -handling proteins would result in Ca 2ϩ overload and calpain activation that could contribute to myocardial cell death.
Our results support the notion that superoxide generated within the mitochondria can exacerbate IRinduced calpain activation and contribute to the oxidative modification and degradation of myocardial Ca 2ϩ -handling proteins. The mitochondrial electron transport chain has indeed been identified as a major contributor to IR-induced ROS production. A significant body of evidence also exists supporting the idea that ROS contribute to Ca 2ϩ -handling protein dysfunction (13) . Conversely, decreases in the oxidative modification to a broad range of cellular components have been demonstrated with increased myocardial levels of MnSOD overexpression (7, 36 -39) . However, the current experiments are the first to directly link exerciseinduced increases in MnSOD with a decrease in the oxidation of myocardial Ca 2ϩ -handling proteins after an IR insult.
Supporting our data, functional impairment in several of the Ca 2ϩ -handling proteins evaluated in this study have been reported after ROS exposure (40) . In particular, ROS generated during IR have been shown to interact with various sarcoplasmic reticulum (SR) proteins, causing SR dysfunction and damage (41, 42) . For example, SERCA and its regulatory protein PLB play a critical role in reuptake of cytosolic Ca 2ϩ into the SR. This activity is inhibited in a concentration-dependent manner on exposure to ROS (43) . Further, both hydrogen peroxide and superoxide promote oxidative damage to SERCA resulting in a diminished uptake of Ca 2ϩ into the SR. Insufficient removal of cytosolic Ca 2ϩ across the plasma membrane via NCX activity is another potential impairment resulting from oxidant damage to Ca 2ϩ -handling proteins, as evidence suggests that NCX is susceptible to ROS-mediated oxidative damage (44, 45) .
In addition, exposure to superoxide radicals results in decreased cardiomyocyte LTCC activity and this effect can be prevented by treatment with SOD (46 -48) . However, preservation of LTCC activity should lead to an increased cytosolic Ca 2ϩ pool (49) . Nonetheless, it is also well known that activation of "prosurvival" pathways involving protein kinase C (PKC) and ecto-5Ј-nucleotidase, for example, requires an elevation in intracellular Ca 2ϩ . In fact, it has been shown that transient exposures to Ca 2ϩ limit myocardial infarction through activation of PKC and, subsequently, ecto-5Ј-nucleotidase (50) . Activation and mitochondrial translocation of activated PKC, in turn, are known to participate in the mitochondrial ATP-dependent potassium channel mediated cardioprotection (51). Hence, it is possible that by preventing oxidation to Ca 2ϩ -handling proteins, exercise preserves normal cellular Ca 2ϩ handling such that protective pathways dependent on modest increases in cytosolic Ca 2ϩ are activated, and yet the cells are protected against cytosolic Ca 2ϩ overload leading to activation of proteolytic pathways. This is an interesting hypothesis and worthy of future investigation.
Compounding the problem of oxidation-induced dysfunction of critical Ca 2ϩ -handling proteins is the possibility that oxidation increases their susceptibility to proteolytic degradation. We observed a decrease in Ca 2ϩ -handling proteins (SERCA2a, PLB, NCX, and LTCC) after IR, which was attenuated by exercise. This protection was reduced by treatment with MnSOD antisense, suggesting that MnSOD plays a critical role in preventing Ca 2ϩ -handling protein degradation during IR. This observation is not surprising considering that several studies have demonstrated that oxidative modification predisposes many cellular proteins for proteolytic breakdown. For example, when oxidized, the sodium/potassium exchanger and the ryanodine receptor are increasingly prone to calpain-mediated degradation (34, 52) .
Exercise prevents IR-induced calpain activation via increases in MnSOD
We have previously reported that exercise attenuates IR-induced calpain activation in the heart and that inhibition of calpain activity protects against IR-mediated cardiac injury (3). In the current study, we demonstrate again that exercise attenuates IR-induced calpain activation and that protection against calpain activation is lost when the exercise-induced increase in MnSOD is prevented by antisense treatment. This suggests that increased MnSOD activity contributes to the exercise-related decrease in calpain activation during IR. Since calpain is activated in the presence of Ca 2ϩ , one probable explanation is that increased MnSOD activity decreases IR-induced Ca 2ϩ overload and calpain activation by preventing oxidative modification of myocardial Ca 2ϩ -handling proteins. Moreover, we demonstrate that calpain facilitates the degradation of LTCC, SERCA2a, PLB, and NCX during IR, ex vivo (Fig.  6) . Hence, it appears that calpain activation can further exacerbate the IR-induced Ca 2ϩ overload in the heart by degrading Ca 2ϩ -handling proteins that are critical in maintaining cellular Ca 2ϩ homeostasis.
Exercise-induced increases in cardiac MnSOD activity prevent caspase-3, caspase-12, and BID activation after IR Ca 2ϩ overload promotes mitochondrial cytochrome c release and permeability transition pore opening, allowing the release of apoptotic factors into the cytosol (53) . Through activation of calpain, Ca 2ϩ may also promote apoptosis via proteolytic activation of caspase-12, an endoplastic reticulum membrane bound caspase that promotes apoptosis via the activation of caspase-3 (53) . Moreover, activation of BID by calpain-mediated cleavage can also lead to mitochondria directed apoptosis (12, 53) . Specifically, tBID can translocate to the mitochondria where it triggers cytochrome c release (11, 12) . In the current experiments, myocardial IR resulted in increased activation of caspase-3, caspase-12, and BID along with an increased number of apoptotic myonuclei (i.e., TUNEL-positive nuclei). Importantly, all of these proapoptotic mediators and the number of TUNEL-positive nuclei were significantly attenuated by exercise-induced increases in myocardial MnSOD activity. Indeed, when exercise was coupled with MnSOD antisense treatment, the exercise-induced protection against IR-induced apoptosis was dampened. To our knowledge, these are the first data to directly demonstrate the protective effects of MnSOD against IRinduced apoptosis. Moreover, these findings are consistent with the postulate that exercise-induced MnSOD attenuates apoptosis, at least in part, by decreasing IR associated calpain activation.
CONCLUSIONS
These experiments support the hypothesis that an exercise-induced increase in myocardial MnSOD activity plays an important role in mediating exerciseinduced protection against cardiac myocyte apoptosis and infarction. Antisense oligonucleotides directed against MnSOD prevented the exercise-induced increase in MnSOD activity, attenuating exercise-induced protection against cardiomyocyte death by ϳ40 -50%. Further, this work provides the first evidence that exercise-induced increases in MnSOD contribute to protection against oxidation of critical Ca 2ϩ -handling proteins, calpain activation, calpain-mediated degradation of Ca 2ϩ -handling proteins, and apoptosis (via activation of caspase-12, BID, and caspase-3).
Importantly, our experiments reveal that the protection conferred by exercise was not completely lost when increases in MnSOD were prevented with the administration of antisense oligonucleotides. This suggests that although exercise-induced increases in myocardial Mn-SOD are a critical component that contribute to cardioprotection, increases in MnSOD alone are not solely responsible for exercise-induced cardioprotection. Future studies should focus on identifying mechanisms working in concert with those described here.
